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Physiological, molecular and ecological aspects of seed dormancy in Arabidopsis are 26 
reviewed and interpreted in the context of dormancy cycling in the variable 27 




Many molecular mechanisms that regulate dormancy have been identified individually 31 
in controlled laboratory studies. However, little is known about how the seed employs 32 
this complex suite of mechanisms during dormancy cycling in the variable environment 33 
of the soil seed bank. Nevertheless, this behavior is essential to ensure germination 34 
takes place in a favourable habitat and climate space, and in the correct season for the 35 
resulting plant to complete its life cycle. During their time in the soil seed bank seeds 36 
continually adjust their dormancy status by sensing a range of environmental signals. 37 
Those related to slow seasonal change (e.g. temperature) are used for temporal sensing 38 
to determine the time of year and depth of dormancy. This alters their sensitivity to 39 
signals related to their spatial environment (e.g. light, nitrate, water potential) that 40 
indicate conditions are suitable for germination, and so trigger the termination of 41 
dormancy. We review work on the physiological, molecular and ecological aspects of 42 
seed dormancy in Arabidopsis and interpret it in the context of dormancy cycling in the 43 
soil seed bank. This approach has provided new insight into the coordination of 44 
mechanisms and signaling networks and the multidimensional sensing that regulates 45 
dormancy cycling in a variable environment. 46 
 47 
Key Words: Seed dormancy, dormancy cycling, germination, annual life cycle, DOG1, 48 
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 50 
Introduction: 51 
Many genes and molecular mechanisms that can regulate seed dormancy and 52 
germination have been identified individually in controlled laboratory studies (Finch-53 
Savage and Leubner-Metzger, 2006; Holdsworth et al., 2008; North et al., 2010; 54 
Graeber et al., 2012; Dekkers and Bentsink, 2015; Rodriguez et al., 2015). For good 55 
experimental reasons these studies minimize variation and usually consider only one 56 
gene and a single environmental variable, such as light, temperature or nitrate. 57 
However, little is known about how the seed employs this complex suite of 58 
mechanisms to regulate dormancy in the variable field environment. Nevertheless, this 59 
behavior is essential to ensure germination takes place in a favourable habitat and 60 
climate space, and in the correct season for the resulting plant to complete its life 61 
cycle. Dormancy cycling is therefore also central to the competitiveness of weeds in 62 
crop production practice; and understanding it is crucial to the future development of 63 
more environmentally benign cultural weed management practices. 64 
 65 
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When shed from the mother plant in the field environment, seeds that do not germinate 66 
immediately enter the soil seed bank where they may remain in an imbibed dormant 67 
state for considerable periods (Baskin and Baskin, 1998; Fenner and Thompson, 2004; 68 
Long et al., 2014). During their time in the soil seed bank seeds repair their DNA to 69 
maintain genetic fidelity (Waterworth et al., 2016), they also continually adjust their 70 
dormancy status by sensing and integrating a range of environmental signals (Fig. 1). 71 
These signals inform the seed whether it is in an appropriate habitat, climate space 72 
and time of the year suitable for the resulting plant to survive, be competitive and 73 
reproduce. Dormancy cycling coupled to seed longevity represents a bet-hedging 74 
strategy through persistence in the soil seed bank (Evans and Dennehy, 2005; Walck 75 
et al., 2011; Footitt et al., 2014). Subtle differences in this behaviour result in local 76 
adaptation and ecotypic differences. 77 
 78 
In this review we develop a molecular ecophysiological view of the involvement of seed 79 
dormancy and its role in the natural and agricultural environment. We then consider its 80 
regulation by signals from these environments through current knowledge of molecular 81 
mechanisms identified for seeds in the laboratory. We focus on Arabidopsis thaliana 82 
since most of these molecular mechanisms have been identified in this model species 83 
and its proven relevance in ecological studies. Furthermore, although not a competitive 84 
weed, it is a relevant model for the seed dormancy cycling behavior of many dicot 85 
weed species. 86 
 87 
Dormancy, dormancy cycling and the concept of a dormancy continuum: 88 
Mature dry seeds are termed quiescent, they generally have a low moisture content (5-89 
15%) and almost stationary metabolic activity; in this state seeds can survive for 90 
decades (Long et al., 2014). It is only when seeds are hydrated and placed under 91 
conditions suitable for germination that dormancy can be assessed. Dormancy is then 92 
recognized as an innate property (physical or physiological) of the seed that blocks the 93 
capacity to germinate over a specified time period under any combination of 94 
environmental conditions (adequate water, temperature, oxygen and light) that will 95 
support the germination process (Baskin and Baskin, 2004). A diverse range of 96 
“blocks” or dormancy mechanisms has evolved, in line with the diversity of climates 97 
and habitats that plant species have been able to colonise (Willis et al., 2014). These 98 
mechanisms can be used to define five classes of seed dormancy (Baskin and Baskin, 99 
2004). Of these classes “physiological” dormancy (PD) is the most abundant form 100 
occurring across all major angiosperm clades and the class present in most seed 101 
model species including Arabidopsis (Finch-Savage and Leubner-Metzger, 2006).  102 
 103 
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In order to interpret seed responses to the environment it is necessary to have a 104 
common general understanding of dormancy beyond its basic definition. It is agreed by 105 
many that dormancy exists as a continuum with a number of layers (blocks to 106 
germination completion) that are successively removed by appropriate environmental 107 
signals; the removal of the final layers or layer (often in response to light) is 108 
synonymous with the stimulation/induction of germination completion (radicle 109 
emergence through the layers surrounding the embryo) (Finch-Savage and Leubner-110 
Metzger, 2006). There is a contrary view that dormancy relief and stimulation of 111 
germination are separate processes so that non-dormant seeds can remain in the soil 112 
awaiting stimulation of germination by a change in the environment (Thompson and 113 
Ooi, 2010). Initially this distinction may seem trivial, but it is central to an agreed 114 
understanding of dormancy and dormancy cycling in the soil as a negatively regulated 115 
and dynamic process of changes in the seed; rather than a passive response to a 116 
change in the environment. A comprehensive argument has been provided for the 117 
former approach (dormancy continuum) based on advances in both the physiological 118 
and molecular understanding of dormancy and germination (Finch-Savage and Footitt, 119 
2012); this view is adopted in the rest of this review. 120 
 121 
Environmental signals related to slow seasonal change, principally temperature 122 
(Probert, 2000), are used for temporal sensing to determine the time of year and depth 123 
of dormancy (Fig. 2). Response to temperature differs between species resulting in 124 
characteristic germination timings (Battla and Benech-Arnold, 2015). This response 125 
alters the depth of dormancy and therefore the seeds sensitivity to signals related to 126 
their spatial environment, henceforth termed spatial signals (Fig. 1, e.g. light, nitrate, 127 
and water potential). These signals indicate when conditions are suitable for 128 
germination, and so trigger the termination of dormancy if these conditions are present 129 
at that time (Finch-Savage and Leubner-Metzger, 2006). . The process usually needs 130 
to be carried out in a set order for it to work, i.e., spatial signals only have an effect if 131 
temporal sensing has enhanced sensitivity to them. In an obvious example deeply 132 
dormant seeds are not responsive to light, but as deep dormancy is relieved sensitivity 133 
and response to different signals (e.g. nitrate and light) occur progressively (Finch-134 
Savage et al., 2007).  Thus, a dormancy continuum has been proposed that is driven in 135 
both directions by environmental signals, and when all layers are removed germination 136 
occurs. In the annual dormancy cycle, if the correct spatial signal is not sensed during 137 
the spatial sensing phase the seed becomes increasingly dormant.  138 
 139 
Although spatial signals can have a temporal pattern, they appear to have little impact 140 
outside the spatial sensing phase. Once in the soil seed bank the physical position of 141 
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the seeds space is not likely to change, except by disturbance, but the nature of that 142 
space can alter either slowly or rapidly. For example, if competing plants die or are 143 
otherwise removed light and nitrate signals to the seed are altered; or if it rains water 144 
potential and nitrate are altered. Although, these are temporal changes to spatial 145 
signals the effect is not integrated over time, but the suitability for germination 146 
completion is altered and within the spatial sensing phase the seed response to this is 147 
rapid.  148 
 149 
Dormancy cycling: Adaptation to climate as a driver of winter and summer 150 
annual life histories:  151 
Within Arabidopsis, both winter annual (WA; e.g. Cvi)) and summer annual (SA; e.g. 152 
Bur) behavior has been identified based on the requirement for vernalisation induced 153 
flowering (Effmertova, 1967; Des Marais et al., 2012). The annual weather patterns in 154 
the regions of origin of Cvi and Bur indicate this behaviour is driven by adaptation to 155 
climate (Footitt et al., 2013) in agreement with the observations of Cetl et al., (1965) 156 
(Supplementary Fig. S1). When sown and compared in a common temperate 157 
environment, as illustrated in Fig. 2, they retain their winter or summer annual 158 
behaviour; and seedling emergence patterns reflect the adaptive positioning of the 159 
spatial sensing phase in response to soil temperature. Their contrasting behaviours 160 
make them ideal for studying the differential adaptation of dormancy cycling and 161 
germination mechanisms and we return to this at the end of the review.  162 
 163 
Soil temperature is the dominant environmental factor controlling depth of dormancy 164 
during cycling in imbibed seeds (Probert, 2000; Finch-Savage and Leubner-Metzger, 165 
2006). Seasonal changes in soil temperature control the rate of increase and decrease 166 
in seed dormancy throughout the year. Many other signals also provide the seed with 167 
spatial information (Fig. 1). Furthermore, seasonal cycles in soil microbial activity (also 168 
temperature driven) drive the soil nitrogen (nitrous oxide) and CO2 cycles and the 169 
release of organic compounds. These can also have a positive impact on seed 170 
germination potential as dormancy declines through changing sensitivity to soil nitrate 171 
and CO2. (see nitrate section below; Yoshioka et al., 1998). 172 
 173 
Contribution of the mother plant to subsequent dormancy cycling:  174 
Depth of dormancy at shedding is genetically determined, but environmental conditions 175 
experienced by the mother plant significantly influence the characteristics and 176 
performance of the seeds produced (Fenner, 1991; Baskin and Baskin, 1998; Fenner 177 
and Thompson, 2005). As in the soil, temperature is the major factor during seed 178 
maturation that affects the depth of seed dormancy (Fenner, 1991; Chiang et al., 2011; 179 
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Kendall at al., 2011; Huang et al., 2014; Springthorpe and Penfield, 2015), for example 180 
via the quantitative expression of DOG1 (DELAY OF GERMINATION 1) in Arabidopsis 181 
(Chiang et al., 2011; Kendall et al., 2011; Nakabayashi et al., 2012). DOG1 protein 182 
levels increase during seed development, but appear to remain constant even in after 183 
ripened (AR) seeds that subsequently germinate. However, modification of DOG1 in 184 
AR seeds indicated protein inactivation was involved in reduced dormancy levels 185 
(Nakabayashi et al., 2012); we return to this in describing regulation of dormancy 186 
following shedding.  187 
 188 
Lower temperatures to the mother plant tend to enhance depth of dormancy (Fenner, 189 
1991; Fenner and Thompson, 2005; Huang et al, 2014; Springthorpe and Penfield, 190 
2015). Higher and lower dormancy at maturity appear to occur either side of a critical 191 
temperature in the region of 15 °C experienced during seed development 192 
(Springthrope and Penfield, 2015). Other environmental factors experienced by the 193 
mother plant during seed maturation such as water stress (e.g. Peters, 1982) and 194 
nutrient supply, in particular nitrate (AlboresI et al., 2005; Matakiadis et al., 2009; 195 
Huang et al., 2014) also influence the depth of dormancy. At one extreme, maternal 196 
effects can result in minimal dormancy and pre-harvest sprouting; principally a problem 197 
in grain crops and reviewed elsewhere (Rodriguez et al., 2015). These behaviours 198 
impact on the proportion of seeds that germinate immediately or enter the soil seed 199 
bank each year. 200 
 201 
Dormancy in the freshly shed seed: 202 
Despite the obvious importance of dormancy cycling in the whole life cycle of plants 203 
very little is known about its regulation at the molecular level. In contrast, a great deal 204 
is known about mechanisms that influence dormancy loss in short-term laboratory 205 
experiments, many of which involve the screening of mutants for altered dormancy and 206 
germination (Finch-Savage and Leubner-Metzger, 2006; Baskin and Baskin, 1998; 207 
Nambara et al., 2010; Bassel et al., 2011; Graeber et al., 2012; Dekkers et al., 2013). 208 
This laboratory-based work has largely used seeds from accessions of the model 209 
species Arabidopsis that naturally have limited dormancy. In addition, the seeds used 210 
for study have been produced under optimal conditions, with temperatures sufficiently 211 
high to minimize dormancy (Kendall et al., 2011). Many of the genes identified have 212 
subsequently been found to be involved in the abscisic acid (ABA) and gibberellin (GA) 213 
metabolism and signalling pathways (Fig. 3: Kucera et al., 2005; Graeber et al., 2012). 214 
This has confirmed the central involvement of the ABA/GA balance hypothesis in the 215 
seeds ability to interpret the environment and thereby regulate dormancy and 216 
germination (Fig. 4; Kucera et al., 2005; Finch-Savage and Leubner-Metzger, 2006). 217 
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This balance appears to operate as a central integration point for upstream incoming 218 
environmental signals (Fig. 5; Bassel, 2016). Downstream signaling is becoming well 219 
documented, but the critical control points remain unclear (Finch-Savage and Bassel, 220 
2015). This signaling ultimately drives changes in turgor generation, altered 221 
mechanical properties of the cell wall and sensitivity to external water potential 222 
resulting in growth and the completion of germination. The key questions now are 223 
related to what exists upstream to influence and regulate this ABA/GA balance in 224 
response to environmental signals. We consider this below, but first discuss this central 225 
integrating hormone balance in the context of dormancy cycling in the field. 226 
 227 
Temporal separation of mechanisms during dormancy cycling in the soil seed 228 
bank:  229 
As discussed above most often, genes/mechanisms have been considered in isolation, 230 
in constant and therefore simple environments. From these experiments it is not 231 
obvious why so many different mechanisms are required and there is an apparent 232 
duplication of function and redundancy. However, in the field seeds have to operate in 233 
the complex and variable conditions of the soil seed bank that may require a 234 
complexity of subtle dormancy regulation for its interpretation. Footitt et al. (2011) 235 
began a series of field experiments to investigate how molecular mechanisms identified 236 
as controlling dormancy in the laboratory could be seasonally coordinated in seeds 237 
buried in field soil. They used the deeply dormant ecotype Cvi and initially approached 238 
this through gene expression studies targeted at the dynamic ABA/GA balance and key 239 
dormancy regulating genes identified in the laboratory. The relative importance of 240 
these genes for dormancy cycling had previously been identified using full genome 241 
arrays of laboratory derived samples of Cvi that built up the components of dormancy 242 
cycling (Cadman et al., 2006; Finch-Savage et al., 2007).  243 
 244 
They found that depth of dormancy and gene expression patterns were correlated with 245 
seasonal changes in soil temperature. Dormancy and the expression of dormancy 246 
related genes were highly sensitive to the soil environment and molecular and 247 
physiological changes could be equated to changes in sensitivity to soil temperature 248 
history, nitrate, light and gibberellins. This was consistent with dormancy as a 249 
continuum with layers of dormancy being progressively removed by environmental 250 
signals until only light is required, in the absence of which seeds remain dormant and 251 
enter into another dormancy cycle as the seasons change (Footitt et al., 2011, 2013, 252 
2014; Finch-Savage & Footitt, 2012). The temporal patterns of gene expression were 253 
consistent with ABA signaling linked to deep dormancy in winter being repressed in 254 
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spring concurrent with enhanced DELLA repression of GA signaling and germination 255 
as depth of dormancy decreased to a shallow dormancy phase (Fig. 4).  256 
 257 
As soil temperature declined in winter dormancy increased as expression of ABA 258 
synthesis (NCED6) and GA catabolism (GA2ox2) genes increased (Fig. 4). This was 259 
linked to an increase in endogenous ABA that plateaus, but dormancy and DOG1 and 260 
MFT expression continued to increase. The expression of SNF1-related protein 261 
kinases, SnrK 2.1 and 2.4, also increased consistent with enhanced ABA signaling and 262 
sensitivity being modulated by seasonal soil temperature. Temperature then increased 263 
in spring and summer and dormancy declined. Concurrent with this was a decrease in 264 
endogenous ABA along with positive ABA signaling as expression of ABI2, ABI4, and 265 
ABA catabolism (CYP707A2) and GA synthesis (GA3ox1) genes increased. However, 266 
during the low dormancy phase in the summer, expression of transcripts for the 267 
germination repressors RGA and RGL2 increased. 268 
 269 
Therefore, temporal separation of mechanisms exists with deep dormancy in winter 270 
promoted by ABA signaling and this contrasted with shallow dormancy in spring and 271 
summer controlled by repression of GA signaling. Thus seeds remain dormant 272 
throughout, but crucially the deep, ABA regulated dormancy is unresponsive to spatial 273 
signals such as light (and GA), whereas the shallow dormancy due to DELLA 274 
repression is rapidly removed by exposure to light. That is to say the switch to shallow 275 
dormancy enables a response to spatial signals such as light. Before discussing this 276 
response further, we consider the deep dormancy phase in more detail. 277 
 278 
Deep dormancy and DOG1:  279 
ABA has been linked to depth of dormancy in Cvi (Al-Rachedi et al., 2004). However, 280 
during dormancy cycling in the soil, following an initial rise in the amount of ABA with 281 
dormancy, it reached a plateau while depth of dormancy continued to increase (Fig. 4), 282 
showing that the final depth of dormancy is not set during seed maturation (Footitt et 283 
al., 2011). This indicated that ABA signaling and sensitivity are more likely regulators of 284 
dormancy than the absolute amount of ABA.  285 
 286 
In the laboratory, functional analysis shows that both DOG1 and ABA are essential for 287 
establishing primary dormancy. However, DOG1 can act independently of ABA to 288 
delay germination of less dormant seeds (Graeber et al., 2014). Although ABA 289 
promotes DOG1 expression (Graeber et al., 2010), reduced dormancy was seen both 290 
in an ABA deficient background (aba1) in the presence of the strong Cvi DOG1 allele 291 
and in a high ABA content background in the absence of DOG1 (dog1-2 cyp707a2-1) 292 
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(Bentsink et al., 2006; Nakabayashi et al., 2012); indicating both are required for 293 
induction of primary dormancy. In contrast, thermo-inhibition of germination was DOG1 294 
dependent and not reliant on an increased amount of ABA indicating they operate in 295 
parallel interacting pathways (Huo et al., 2016).  296 
 297 
In the field, Footitt et al. (2011) show ABA is not quantitatively related to depth of 298 
dormancy during cycling. Therefore, once seeds enter deep dormancy, DOG1 299 
expression may be the dominant factor by influencing ABA sensitivity so that dormancy 300 
can be enhanced without an increase in ABA. Postma and Agren (2016) show that the 301 
major QTL for seedling establishment was collocated with the QTL DOG1 and that 302 
selection during this phase had a significant role in the fitness advantage of local 303 
genotypes. This indicates the importance of seed dormancy and the DOG1 QTL in 304 
explaining variation in fitness across the whole life cycle. In other field studies, there 305 
was also colocation of QTL at DOG1 in both germination and seedling emergence 306 
(Huang et al., 2010; Postma and Agren, 2016). Furthermore, annual seedling 307 
emergence pattern traits in a Cvi x Bur RIL mapping population also show the principle 308 
QTL for emergence timing also collocates with DOG1 (Footitt, Walley, Lynn, Hambidge 309 
and Finch-Savage unpublished). Collocation of these QTLs is presumably related to 310 
the influence of DOG1 on miRNA 156, which regulates phase transitions (see below). 311 
Thus DOG1 is of central importance to dormancy cycling in the field in addition to its 312 
importance in determining the extent of primary seed dormancy (Bentsink et al., 2006; 313 
Chiang et al., 2011).  314 
 315 
Overall, during the annual dormancy cycle expression of DOG1 is positively correlated 316 
with expression of genes that are positive regulators of dormancy and negatively 317 
correlated with negative regulators (Footitt et al., 2011; 2013, 2014, 2015). In the 318 
spatial sensing phase of the dormancy cycle germination only occurs in the light if 319 
DOG1 expression is low as a result of chromatin remodeling (see below) and based on 320 
the observations of Nakabayashi et al. (2012, 2015) the level of active DOG1 protein is 321 
reduced.  322 
 323 
Is DOG1 part of a thermal sensing mechanism? 324 
The strong relationship between DOG1 expression, temperature and dormancy 325 
described above may constitute part of a thermal sensing mechanism for the setting of 326 
dormancy levels in response to the prevailing environment during seed maturation and 327 
during dormancy cycling in the soil seed bank. This response may be regulated at the 328 
chromatin level. When Arabidopsis seeds lose dormancy H3K4me3 marks on DOG1 329 
chromatin decrease while H3K27me3 marks increase, and DOG1 expression 330 
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decreases (Muller et al., 2012). Footitt et al. (2015) investigated the deposition of these 331 
specific histone modifications (activating H3K4me3; repressing H3K27me3) to DOG1 332 
and its expression during a complete laboratory induced dormancy cycle. They had 333 
previously suggested that DOG1 accumulation may represent accumulated thermal 334 
time (temporal sensing) to regulate the depth and persistence of dormancy (Footitt et 335 
al., 2014). This more recent work by Footitt et al. (2015) led to the additional proposal 336 
that the changing proportions of H3K4me3 and H3K27me3 marks act as part of a 337 
thermal sensing mechanism in the regulation of DOG1 transcription in line with 338 
seasonally changing soil temperature to provide another layer of regulation. 339 
 340 
The mechanism by which DOG1 operates is complex and is only partially understood 341 
(Nakabayashi et al., 2012, 2015; Cyrek et al., 2016) so the question remains as to how 342 
DOG1 alters dormancy and the potential to germinate. Recently it was shown DOG1 343 
regulates seed dormancy by influencing levels of miRNAs miR156 and miR172 in both 344 
Lettuce and Arabidopsis (Huo et al., 2016). These miRNAs govern the progression 345 
through the transition from dormancy to germination and indicate a potential 346 
mechanism for DOG1 action. In Arabidopsis higher miR156 levels resulted in 347 
enhanced seed dormancy (Huo et al., 2016). It is interesting to note that sequencing of 348 
a small RNA library of field seed samples collected in mid-winter (high dormancy) and 349 
mid-summer (low dormancy, requiring only light) identified highly abundant levels of 350 
miR156 at both stages (Footitt, Smith and Finch-Savage unpublished). This indicates 351 
that in the soil seed bank DOG1 maintains high levels of miR156 even during the 352 
spatial sensing phase until the final layer of dormancy is removed. Overall the data 353 
suggest accumulation of DOG1 can transduce the environmental effect during 354 
maturation and that subsequent changes in its regulation at the chromatin level are 355 
closely linked to environmental signals in the soil seed bank. This is consistent with the 356 
hypothesis that DOG1 largely affects the sensitivity of the process to environmental 357 
signals rather than directly determining the resulting phenotype (Murphy et al., 2015) 358 
 359 
Are there other mechanisms that inform about the passage of time (thermal time) 360 
and result in a seasonal response? 361 
Oxygen availability in the soil can have a temporal pattern and impacts dormancy 362 
status with hypoxia inducing secondary dormancy (Benvenuti and Macchia, 1995). 363 
Oxygen is also important in the guise of reactive oxygen species (ROS) in further 364 
modulating dormancy and relaying environmental signals (Bailly et al., 2008; Kranner 365 
et al., 2010). For example, seed dry after-ripening is associated with the accumulation 366 
of ROS resulting in targeted mRNA oxidation and protein carbonylation of transcripts 367 
and proteins associated with cell signaling (mRNA - Bazin et al., 2011) and protein 368 
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storage (Oracz et al., 2011). These modifications have been linked to dormancy 369 
changes during after-ripening (El-Maarouf-Bouteau et al., 2013) and could underpin a 370 
mechanism indicating the passage of time. Recently the possibility of a further role for 371 
ROS to inform the seeds seasonal response through ultra-weak photon emission 372 
(UPE) has been suggested by Footitt et al., (2016). They hypothesize that beneath the 373 
soil surface the attenuation of light (virtual darkness: low background noise) enables 374 
seeds to exploit UPE for transducing key environmental variables in the soil 375 
(temperature, humidity and oxygen) to inform them of seasonal and local temperature 376 
patterns.  377 
 378 
Underlying the suggested potential mechanisms indicating the passage of time/thermal 379 
time it is likely there is a background reference annual rhythm using components of the 380 
circadian clock. The circadian clock plays a role in the setting of primary seed 381 
dormancy and dormancy relief as well as in tree bud dormancy (Penfield and Hall, 382 
2009; Foley et al., 2010; Cooke et al., 2012). On an annual basis the existence of a 383 
circannual rhythm in dormancy has been observed in both dry and hydrated seeds at 384 
constant temperature (Gutterman and Gendler, 2005; Duarte and Garcia, 2015) 385 
consistent with that seen elsewhere (Matrai et al., 2005).  386 
 387 
Shallow dormancy and sensitivity to spatial signals (soil water potential, light 388 
and nitrate):  389 
In contrast to those in deep dormancy, seeds in shallow dormancy, resulting largely 390 
from germination repression by DELLAs, can respond rapidly to spatial signals that 391 
indicate favorable germination conditions (spatial sensing). For example, exposure to 392 
light dramatically enhances GA3ox expression to remove DELLA repression (Cadman 393 
et al., 2006). Nitrate sensitivity is also related to the enhancement of germination in the 394 
light in shallow dormancy (Hilhorst and Karssen, 1988), and so could complement light 395 
sensitivity during the spatial sensing phase (Pons, 1989). Although there are a wide 396 
range of other spatial signals (Fig. 1) for brevity we will consider only light, nitrate and 397 
the presence of adequate soil moisture. In Fig. 5 we link the change to shallow 398 
dormancy and the response to these spatial signals with the central integrating function 399 
of the ABA/GA balance. In the following text we add detail to this schematic. 400 
 401 
Soil moisture content: The impact of moisture availability on germination has been 402 
extensively studied in the laboratory and can be described using hydro- and 403 
hydrothermal time analysis (Fig. 5; reviewed by Bradford, 1995); and extended to the 404 
field environment (Finch-Savage, 2004; Finch-Savage and Bassel, 2016). Conditions in 405 
soil can be very different from those in the petri dish and this has been described 406 
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elsewhere (Whalley and Finch-savage, 2006). Seeds are not sensitive to the water 407 
content of soil per se, but the availability of water measured as water potential (MPa); 408 
the sum of matric potential (adhesion of water to soil structure) and osmotic potential 409 
(influence of solutes). It is this potential that is referred to in the hydrothermal time 410 
model for seed germination. In the model, rate of progress towards germination is 411 
proportional to the extent ambient water potential exceeds the threshold (base) water 412 
potential (Ψb) below which progress ceases (Fig. 5). Ψb is a key unifying parameter 413 
relating germination performance to moisture stress that is likely determined by the 414 
physical restraint to germination of surrounding tissues and cell wall extensibility 415 
(Welbaum et al., 1998). In the context of dormancy cycling it is notable that Ψb changes 416 
as primary dormancy is relieved (Bradford, 2002; Fig. 5). Furthermore, Ψb increases 417 
and decreases as seed dormancy changes (primary and secondary dormancy) during 418 
the annual dormancy cycle (Footitt et al., 2013) and therefore so does sensitivity to this 419 
spatially and temporally variable parameter.  420 
 421 
Light and Nitrate: Footitt et al. (2013) argue that during dormancy cycling the 422 
response (sensitivity) to nitrate alters via the phosphorylation and dephosphorylation of 423 
NITRATE TRANSPORTER 1 (NRT1.1) now known to involve both CBL-424 
INTERACTING PROTEIN KINASE 23 (CIPK23) and the PP2C phosphatase ABI2; and 425 
the response (sensitivity) to light alters via PHYTOCHROME A (PHYA). Fig. 4 shows 426 
coordinated annual expression patterns in Cvi for DOG1, PHYA and CIPK23 with low 427 
expression at the point where germination/seedling emergence occurs. Thus all three 428 
act in a temporal pattern and appear to promote dormancy. However, preliminary 429 
mutant analyses show that CIPK23 and PHYA act as negative regulators of secondary 430 
dormancy during simulated dormancy cycling (Footitt, Ӧlçer-Footitt, Hambidge and 431 
Finch-Savage unpublished). Further work will be required to fully resolve observations 432 
made on seeds exhumed from field soil and results obtained in the laboratory, but we 433 
consider current understanding of these signals and the responses to them below. 434 
 435 
Light: Light is a key spatial signal and phytochromes play a dominant role in its 436 
perception in seeds. In laboratory experiments, as seeds become increasingly light 437 
sensitive, regulation of germination by phytochromes A and B (PHYB) is under 438 
hierarchical and temporal regulation. For example, under a low R/FR ratio (Red/Far red 439 
e.g. under a canopy of competing plants) PHYB in the endosperm promotes ABA 440 
biosynthesis (Lee et al., 2012), and as seeds do not germinate this likely maintains 441 
dormancy (positive regulation). As the signal declines PHYA in the embryo removes 442 
the final layer of dormancy enabling germination (Lee et al., 2012). Revealing PHYA as 443 
a negative regulator of dormancy and the final sensor in the removal of dormancy by 444 
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light. PHYA is the most abundant phytochrome in seeds with high protein levels 445 
accumulating in the dark (Sharrock and Clack, 2002) that photo-irreversibly result in 446 
germination in monochromatic light from 300 – 770 nm (Shinomura et al., 1996). 447 
However, in tomato PHYA can both positively and negatively regulate germination 448 
depending on the fluence rate of red light; in low fluence rate PHYA can relieve 449 
dormancy, whereas at high fluence rate PHYA maintains dormancy (Appenroth et al., 450 
2006). Array data from laboratory experiments shows that during Arabidopsis 451 
dormancy cycling of the two phytochromes A and B only PHYA has a strong dormancy 452 
associated expression pattern (Cadman et al., 2006; Finch-Savage et al., 2007).  453 
 454 
In the soil seed bank seeds are effectively in perpetual darkness at depths of 5 mm or 455 
more depending upon soil type and vegetation cover (Tester and Morris, 1987). During 456 
the spatial sensing phase the final layer of dormancy can be removed by millisecond 457 
flashes of low fluence sunlight as the soil is disturbed (the very low fluence response - 458 
VLFR). Seeds therefore are extremely light sensitive. The mechanism for this is PHYA 459 
mediated and saturated by < 1% of active phytochrome (Batlla and Benech-Arnold, 460 
2014). Dark incubation of seeds sensitized them to dormancy breaking by PHYA 461 
mediated low fluence red light in the range 1-100 nmol m-2 s-1 at wavelengths from 300 462 
– 560nm (Shinomura et al., 1996). With seed coat attenuation of transmitted light in the 463 
phytochrome range of 95% or greater (Scopel et al., 1991) the effective fluence rate 464 
under the seed coat required to remove the final layer of dormancy in the embryo must 465 
be exceptionally low. Finally, the potential involvement of heterotrimeric G-proteins in 466 
PHYA mediated signalling and germination (Botto et al., 2009) provides a mechanism 467 
for signal amplification similar to that in retinal rod photoreceptors where heterotrimeric 468 
G-proteins enable signal amplification from single photons into a response (Kolesnikov 469 
et al., 2011).  470 
 471 
PHYA is implicated in the positive regulation of dormancy in seeds matured at low, but 472 
not warm temperature (Donohue et al., 2008). This effect was lost as dormancy 473 
declined through dry after-ripening and stratification potentially related to increased GA 474 
levels/sensitivity (Donohue et al., 2008 and references therein). This is consistent with 475 
field observations of PHYA expression (Fig. 4). However, the response was dependent 476 
upon the conditions under which seeds were produced (Donohue, 2008, Dechaine et 477 
al., 2009). Furthermore, regulation by PHYA could appear positive or negative 478 
depending on the wavelength and fluence rate used in experiments (Appenroth et al., 479 
2006). The cause of this PHYA effect is unclear although PHYA overexpression 480 
represses GA levels (Jordon et al., 1995). For dormancy cycling it should also be 481 
considered that such differences likely occur during the continuous process of change 482 
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in dormancy level in the soil seed bank. The response can also differ with ecotype 483 
(Dechaine et al., 2009) consistent with observed differences in Cvi and Bur. Such 484 
differences in PHYA expression may represent adaptations to climate effecting fitness 485 
as found by Donohue et al., (2012).  486 
 487 
Nitrate: Nitrate, especially in conjunction with light, is another important spatial signal 488 
that has been studied in both the laboratory and field. Nitrate concentration in soil 489 
solution fluctuates and can vary from almost 0 to 50 mmol l-1 (Bouwmeester et al., 490 
1994), covering the range provoking a response from seeds in the laboratory. 491 
However, although annual variations in soil nitrate (Bouwmeester and Karssen, 1993, 492 
Derkx and Karssen, 1993) and Sysmbrium officinale seed nitrate content (Derkx and 493 
Karssen, 1993) were observed changes in dormancy appeared driven by temperature, 494 
and not influenced by soil moisture or soil nitrate. In Arabidopsis, similar conclusions 495 
were reached and temperature driven seasonal dormancy patterns appeared to be 496 
regulated by changes in sensitivity to light (Derkx and Karssen 1994). Nevertheless, 497 
seed nitrate content in Arabidopsis affected the maintenance of dormancy in the 498 
laboratory (Alboresi et al., 2005). A reason for this apparent contradiction is provided 499 
by Hilhorst (1990) who showed most endogenous nitrate is leached from seeds in the 500 
first 24 h of imbibition on water in the laboratory. Thus high nitrate content will relieve 501 
dormancy, but only temporally when placed in soil and therefore nitrate concentration 502 
may have little ecological importance (Bouwmeester, et al. 1994). In contrast, seed 503 
sensitivity to nitrate is likely to have a significant ecological role in response to soil 504 
nitrate that varies both spatially and temporally.  505 
 506 
In Arabidopsis, nitrate is thought to have a direct regulatory role and promotes 507 
germination by reducing the light requirement (Hilhorst and Karssen, 1988). Based on 508 
field studies, Derkx and Karssen (1994) suggested a model where temperature results 509 
in reversible changes in sensitivity to light and nitrate, which occur at the level of 510 
receptors. This was consistent with the model and earlier conclusions of Hilhorst 511 
(1990) in the laboratory studying secondary dormancy. It was later suggested that the 512 
nitrate receptor could be NRT1.1 (Alboresi et al., 2005; Footitt et al., 2013). 513 
Furthermore, nitrate release of seed dormancy acts by accelerating the decrease in 514 
ABA during germination (Ali-Rachedi et al. 2004) via induction of the catabolic ABA 515 
gene CYP707A2 (Matakiadis et al., 2009). This response is therefore separate from 516 
the GA response to light consistent with nitrate acting to enhance the effect of light. 517 
 518 
Alboresi et al. (2005) questioned whether nitrate acts per se on seed germination or 519 
through the production of N-related signals. NRT1.1 is a dual affinity nitrate transceptor 520 
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(transporter/receptor), having high or low affinity functions depending on its 521 
phosphorylation status (Ho et al., 2009). It acts as part of a complex with the kinase 522 
CIPK23 and the calcium sensor CBL9 (CALCINEURIN B-LIKE PROTEIN 9). The high 523 
affinity complex is produced by CBL9 phosphorylating CIPK23, which in turn 524 
phosphorylates threonine-101 of NRT1.1 This form has repressed transport activity 525 
and reduced signaling resulting in reduced expression of a second high affinity (<1 526 
mM) nitrate transporter NRT2.1 (Ho et al., 2009).  527 
 528 
When this complex is dephosphorylated by ABI2 it is converted to the low affinity form 529 
in which nitrate transport and signaling are higher (Leran et al., 2015). In seeds this 530 
would be expected to relieve dormancy leading to germination. However, nitrate 531 
signaling via NRT1.1 irrespective of its phosphorylation state activates the protein NIN-532 
LIKE PROTEIN 8 (NLP8), which binds the CYP707A2 promoter inducing its 533 
expression. The resulting decrease in ABA levels results in the removal of the final 534 
level of dormancy proportional to the external nitrate concentration (Yan et al., 2016).  535 
In the field, during the spatial sensing phase there is a transient increase in NRT1.1 536 
expression followed by increased expression of CYP707A2 and ABI2, and nitrate 537 
sensitivity (Fig. 4; Footitt et al., 2013). Thus nitrate transport/signalling is occurring at 538 
this point as CYP707A2 expression is induced by external nitrate (Matakiadis et al., 539 
2009). Collectively this suggests that the level of NRT1.1 limits nitrate signaling in 540 
seeds outside of the spatial sensing phase before the transient rise in its gene 541 
expression. At this time a switch between high and low affinity forms of the transceptor 542 
will further increase sensitivity to nitrate. This switch may also be linked to the control 543 
of the primary nitrate response; known to regulate downstream expression of genes 544 
(Krapp et al., 2014) involved in events important in cellular repair and readiness for 545 
germination. 546 
 547 
Adaptation to local environments: 548 
There can be substantial variation in both genetic and phenotypic plasticity for seed 549 
dormancy and germination within Arabidopsis and other species over elevational and 550 
latitudinal gradients (Baskin and Baskin, 1998; Cavieres and Arroyo, 2000; Chiang et 551 
al., 2011). Genetically identical cohorts of seeds can adapt to contrasting life cycles 552 
(Montesinos-Navarro et al., 2012) and both spring and autumn germination windows 553 
have been described in coastal but not montane Spanish populations (Montesinos et 554 
al., 2009); supporting the predictions of Springthorpe and Penfield (2015) that winter 555 
and summer annual life cycles can arise in the same population depending on the 556 
environments encountered.  557 
 558 
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DOG1 is thought to have an important role in the adaptation of dormancy to climate 559 
(Kronholm et al., 2012) and to local environments (Postma and Agren (2016). When 560 
Cvi (winter annual) and Bur (summer annual) were put through a summer annual 561 
dormancy cycle (Fig. 6; Footitt et al., 2011, 2013) some intriguing adaptive differences 562 
were revealed. In the case of DOG1, transcription profiles were negatively correlated 563 
with the soil temperature cycle in both ecotypes. However, although dormancy level 564 
correlates with the DOG1 profile in Cvi it did not in Bur. This may reflect differences 565 
between transcript and protein profiles, but also suggests that the relationship between 566 
thermal sensing and dormancy is plastic as a result of allelic variation in DOG1; hence 567 
contributing to adaptation (e.g. Chiang et al., 2011; Kronholm et al., 2012). Differences 568 
in the spatial sensing phase also become apparent with the transcript profiles of genes 569 
associated with spatial sensing being highly correlated with one another in the shallow 570 
dormant Bur ecotype compared to Cvi (Footitt et al., 2011, 2013). This implies that in a 571 
background not dominated by the strong Cvi DOG1 allele there is a greater role for 572 
dormancy regulation involving increased ABA signaling/sensitivity.  573 
 574 
Of the genes examined, two had reversed transcript profiles in relation to temperature 575 
highlighting this enhanced role (Fig. 6; Footitt et al., 2013). In Bur, transcription of the 576 
SNF1-related protein kinase SnRK2.1 (positive regulator of ABA signaling) and MFT 577 
are positively correlated with temperature, but are negatively correlated in Cvi (Footitt 578 
et al., 2013). MFT transcription is high in Bur during the spatial sensing phase of the 579 
cycle prior to seedling emergence indicating MFT contributes to shallow dormancy 580 
maintenance (Fig. 6B). While, in Cvi it positively correlates with DOG1 and dormancy 581 
level, but has low expression during spatial sensing phase(Fig. 6A). Crucially, this 582 
changes when the deeply dormant Cvi ecotype undergoes its natural winter annual 583 
dormancy cycle with newly shed seed in spring spending the summer in the soil seed 584 
bank (compare Autumn and Spring burial in Fig. 6A). Here in the absence of a low 585 
temperature winter phase DOG1 is not highly induced therefore bypassing induction of 586 
deep dormancy. Possibly as a result, MFT transcription increases in the spatial sensing 587 
phase implying MFT now has a more dominant role in dormancy maintenance in this 588 
phase similar to that seen in the summer annual Bur. Nevertheless, in both situations 589 
maximum germination in Cvi coincides with the lowest MFT transcription. This is 590 
consistent with laboratory results; MFT has a role in signaling by the oxylipin, 12-oxo-591 
phytodienoic acid (OPDA), which acts through MFT to induce ABA biosynthesis and 592 
sensitivity with MFT and ABA then acting via a feedback loop to enhance OPDA levels 593 
(Dave et al., 2016) to enhance low dormancy levels.  594 
 595 
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The implication is that when seeds are shed to the soil seed bank at their natural time 596 
only a shallow dormancy cycle is required to position the spatial sensing phase at the 597 
appropriate time of year for seedling emergence. If seeds are shed outside of this 598 
period or do not receive appropriate spatial signals to remove the final layer of 599 
dormancy they enter the persistent soil seed bank (Fig. 2, Fig. 6). Then seeds enter a 600 
DOG1 dominated deep dormancy phase in order to correctly position the spatial 601 
sensing phase in the following year. This may represent events in the persistent seed 602 
bank and highlights the innate plasticity of dormancy cycling.  603 
 604 
Concluding perspective: 605 
 606 
In recent years significant advances have been made in understanding of the 607 
mechanistic underpinning of primary seed dormancy through the use of mutants, which 608 
have elucidated the pathways involved in the ABA/GA balance system. The natural 609 
variation of Arabidopsis exploited by mapping populations has led to the identification 610 
of DOG1 and showed its’ apparently overarching dominance of dormancy, germination 611 
timing (dormancy cycling) and seedling establishment. Natural variation has also led to 612 
advances in understanding of adaptation to climate and how dormancy and flowering 613 
times are linked to determine life cycle patterns. Nevertheless, we need a more 614 
detailed understanding of the regulation of dormancy cycling, in particular interaction at 615 
the molecular level between deep and shallow dormancy. Studying dormancy cycling 616 
in the field is a long-term undertaking and ethical and regulatory reasons can preclude 617 
the use of seeds from genetically modified plants to dissect the role of individual genes. 618 
Progress in understanding is therefore likely to be slow. However, recent laboratory 619 
studies show cycling can be simulated in Col-0 and Ler by enhancing their primary 620 
dormancy during production and by manipulating temperature and water stress to cycle 621 
them through secondary dormancy (Footitt and Finch-Savage unpublished).  Future 622 
use of such dormancy cycling screens to compare ecotypes and mutants should more 623 
rapidly enhance understanding. 624 
  625 
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Figure S1: Climate of origin of the winter and summer annual Arabidopsis ecotypes Cvi 627 
and Bur respectively 628 
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Figure 1. Environmental signals in the soil seed bank. The schematic shows a range of 
potential signals that could influence dormancy directly; inform the seed about the time 
of year (temporal information), and/or the suitability of the immediate environment for 
the completion of germination (spatial information). The precise nature of the signals 
differs depending on the soil type and the modifying impact of the many other 
organisms that occupy the soil. In particular, soil microorganisms as their activity is 
temperature related, and they use oxygen and otherwise modify the gaseous 
atmosphere, mineralize nutrients and help release many phytoactive chemicals 
including organics acids. Figure based on Finch-Savage and Footitt, 2015. 
 
Figure 2. Seed response to the environment initiates winter and summer annual life 
cycles. A. In temperate zones mean soil temperature follows a clear annual cycle 
(temporal signal) that drives changing sensitivity to spatial signals informing the seed of 
the immediate environmental suitability for germination. Yellow diamonds indicate 
increasing and decreasing sensitivity; maximum height of the diamond is when 
maximum germination occurred in exhumed seeds. Adaptation of this response leads 
to different patterns of dormancy cycling and subsequent life cycles. This is illustrated 
here using the Bur and Cvi ecotypes (B and C respectively). Data redrawn from Footitt 
et al., 2013. B. Seedlings of winter annual Arabidopsis ecotypes such as Cvi emerge in 
the autumn. The rosettes are cold vernalized over winter to induce flowering and shed 
their seeds in spring. On entering the soil, seed dormancy (primary dormancy) slowly 
declines through the impact of warming soil temperature (temporal signal) and the  
spatial sensing phase of shallow dormancy begins. If signals are received in the correct 
order the seed will germinate resulting in seedling establishment in autumn. In the 
absence of these spatial signals the window closes and falling soil temperature cycles 
dormancy (secondary dormancy) in to the deep dormancy phase that represents the 
persistent seed bank. C. Seedlings of summer annual Arabidopsis ecotypes such as 
Bur (Evans and Ratcliffe, 1972; Ratcliffe, 1976) emerge in the spring. The rosettes are 
vernalization insensitive and require a long rosette phase before flowering over the 
summer and shedding their seeds in autumn. On entering the soil, seed dormancy 
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(primary dormancy) initially declines through the impact of low soil temperature, but 
prolonged low winter soil temperature (temporal signal) causes dormancy to increase 
(secondary dormancy). It then declines with increasing soil temperature in spring 
entering the spatial sensing phase at which point seedling emergence is possible. If 
appropriate spatial signals are not received seeds enter the persistent seed bank. At 
this point high soil temperature may induce a deep dormancy phase of secondary 
dormancy.  
 
Figure 3: Schematic model for the regulation of dormancy and germination by ABA 
and GA in response to the environment. According to this model ambient 
environmental signals affect the ABA/GA balance and the sensitivity to these 
hormones. On the ABA side of the balance, the ABA receptors PYR/PYL/RCAR bind to 
ABA to remove the repression of ABA responses by PP2Cs (Protein phosphatase 2C; 
Cutler et al., 2010; Nambara et al., 2010). Removal of PP2C repression allows 
downstream signaling via SnRK2s to ABRE (ABA-response element) binding 
transcription factors (ABI3, ABI4, ABI5). On the other side of this balance, DELLA 
proteins (Lee et al., 2012, Bassel et al., 2004) repress GA responses and therefore 
germination potential (Sun and Gubler, 2004). DELLAs are degraded in the presence 
of GA (Hartweck, 2008). The repression activity of DELLA is therefore relieved upon 
GA binding its’ receptor GID1 and the F-box protein SLEEPY. Removal of DELLA 
proteins in seeds leads to a de-repression of cell wall remodeling gene expression and 
in turn growth of the embryo (Cao et al., 2006). A further checkpoint in seedling 
establishment is mediated by ABA-INSENSITIVE5 (ABI5) in Arabidopsis, which acts to 
promote ABA-mediated growth arrest during a late stage of seed germination (Lopez-
Molina et al., 2003).  
ABA synthesis and signaling and GA catabolism dominates the induction and 
deepening of the dormant state (pathway indicated in red). Whereas, GA synthesis and 
signaling and ABA catabolism dominates the relief of dormancy and the transition to 
germination completion (pathway indicated in black). Change in the depth of dormancy 
alters sensitivity to spatial signals. When sensitivity overlaps with changing ambient 
conditions germination will proceed to completion. Figure is adapted from Footitt et al., 
2011.  
 
Figure 4. Seasonal patterns of physiological measures and gene expression in Cvi 
seeds over an annual cycle in field soil. The height of the bars indicates the extent of 
changing soil temperature (seed depth), the amplitude of physiological response or 
expression of the genes indicated over the seasons shown in the top panel. Changing 
dormancy level in buried seeds expressed as AR50 (dry after-ripening time required to 
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achieve 50% germination) is shown. Temporal sensing represents this slow seasonal 
change in dormancy for the selection of time of year, climate space and timing of the 
spatial sensing phase (blue bars). Sensitivity is demonstrated by germination of 
exhumed seeds at 20 oC/light with and without nitrate (red bars). Spatial sensing 
represents the period when seeds become sensitive to conditions suitable for 
germination completion (yellow bars). Completion occurs when sensitivity overlaps with 
suitable ambient conditions; if suitable ambient conditions do not occur at this time 
seeds return to deep dormancy. The function of the genes shown is described in the 
text. (Data redrawn from Footitt et al., 2011 and 2013).  
 
Figure 5: Response to spatial signals during shallow dormancy. The schematic 
illustrates changes in seeds as they are relieved from ABA dominated deep dormancy 
and enter DELLA repressed shallow dormancy. A. The ABA/GA balance acts as a 
central integration system accommodating the response to ambient signals that vary. 
Entry to shallow dormancy is marked by a reduced temperature (DOG1) driven 
emphasis on ABA and sensitivity to it. In this phase the ABA/GA balance is influenced 
by the ambient level of nitrate and exposure to light as a function of the seeds 
sensitivity (normally distributed in the seed population) to them. Changing sensitivity is 
illustrated as a shift in this normal distribution with the resulting output for light of 
enhanced GA3ox1 expression (Cadman et al., 2006) and for nitrate of enhanced 
CYP707A2 expression (Matakiadis et al., 2009). These increase GA and reduce ABA 
content and signalling respectively (see Fig. 3). B. The schematic uses the 
hydrothermal time model (Bradford, 1995, 2002) to illustrate the dynamic impact of 
changes in the ABA/GA balance on the potential to germinate. In the model progress 
towards germination is proportional to the extent ambient water potential (Ψ) exceeds 
the threshold (base; Ψb) below which progress ceases. Thresholds differ between 
individuals in the population giving a distribution of sensitivities (Ψb). The Ψb 
distribution is shown for a partially dormant population of seeds (Z); in the proportion 
where Ψb is greater than ambient water potential germination completion does not 
occur. As dormancy is progressively relieved (Z>Y>X>W), Ψb of individuals in the 
population becomes more negative so the difference to ambient water potential is 
greater and their progress to germination completion speeds up. The resulting 
germination curves for W-Z at the same ambient water potential are shown in C. In 
general, gibberellins decrease Ψb to enhance germination, whereas ABA increases Ψb 
to increasingly inhibit germination (NI and Bradford, 1993; Alvarado and Bradford, 
2005). In practice, ABA can act independently so that there is a synergistic effect of 
ABA and reduced water potential. The overall process is complex with 
multidimensional sensitivity to a range of signals. For clarity here only these three 
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example inputs (temperature, light and nitrate) to the hormone balance and their 
consequences are illustrated. The threshold model approach could be used to explain 
all the responses illustrated and likely other environmental signals (Bradford, 2002, 
2005; Donohue et al., 2015). However, continued work is required to fully understand 
the inputs to the hormone balance to build upon this general framework.  
 
Figure 6. Dormancy and gene expression patterns in winter (Cvi) and summer (Bur) 
annual ecotypes. All data are from seeds exhumed at intervals during the annual 
dormancy cycle and for each ecotype show DOG1 and MFT transcript profiles, soil 
temperature, dormancy levels and germination at 5 and 20 °C/light. The height of the 
bars indicates the relative levels of gene expression. A. Data is shown for seeds buried 
in the autumn to mimic Cvi in the persistent seed bank (i.e. not germinated following 
shedding) and B. Bur undergoing its natural summer annual dormancy cycle following 
shedding (refer to Fig. 2B &C). In A. data is also shown for Cvi seeds buried in spring 
to mimic its natural winter annual dormancy cycle following shedding. In this case 
depth of dormancy, germination timing and DOG1 expression are the same as autumn 
buried seeds, however, MFT expression is significantly different as shown. Data 
redrawn from Footitt et al., 2011, 2013, and 2014. 
 
 
 
 
 
